The nitrilase which occurs abundantly in cells of Rhodococcus rhodochrous Jl catalyzes the direct hydrolysis of 3-cyanopyridine to nicotinic acid without forming nicotinamide. By using resting cells, the reaction conditions for nicotinic acid production were optimized. Under the optimum conditions, 100% of the added 3-cyanopyridine could be converted to nicotinic acid, the highest yield achieved being 172 mg of nicotinic acid per 1.0 ml of reaction mixture containing 2.89 mg (dry weight) of cells in 26 h.
Nitrilase catalyzes the direct cleavage of nitriles to the corresponding acids and ammonia (equation 1), whereas nitrile hydratase catalyzes the hydration of nitriles to amides (equation 2). Thus, nitrilase is clearly distinguishable from nitrile hydratase in its mode of nitrile degradation.
R1CN + 2H20 --R1COOH + NH3
(1) R2CN + H20 --R2CONH2
(2) (R1 can be phenyl or a4,-alkenyl; R2 can be alkyl.)
In recent years, the application of enzymes to organic chemical processing has attracted increasing attention. Enzymes operate under mild conditions suitable for the synthesis of labile organic molecules and are efficient in terms of specificity. Recently, we proposed a new enzymatic production process for acrylamide involving nitrile hydratase as a catalyst (2). Nitrilase also seems to be promising as a useful biocatalyst for nitrile hydrolysis. Recently we found high nitrilase activity in cells of Rhodococcus rhodochrous Jl and optimized the culture conditions for the production of high nitrilase activity by the Rhodococcus cells (Arch. Microbiol., in press ).
Nicotinic acid is a vitamin, which is used in animal feed supplementation and also in medicine. Nicotinic acid is also used as a biostimulator for the formation of activated sludge and as a deodorant for air and waste gases in pollution control. The production of nicotinic acid involves the hydrolysis of 3-cyanopyridine through the action of a strong base under high temperature (German patent 828246). Thus, we attempted the microbial conversion of 3-cyanopyridine to nicotinic acid by using resting R. rhodochrous Jl cells containing high benzonitrilase activity. The optimization of the reaction conditions for the production of nicotinic acid is described in the present paper.
MATERIALS AND METHODS
Microorganism and culture conditions. R. rhodochrous Jl, which was isolated from soil as a benzonitrile-catabolizing microorganism and was identified in our laboratory (submitted for publication), was used. The subculture was carried out at 28°C for 24 h with reciprocal shaking in test tubes * Corresponding author. t Present address: Department of Biochemistry, Faculty of Medicine, University of Colombo, Colombo 8, Sri Lanka. containing 4 ml of the basal medium (pH 7.2), which consisted of 10 g of glycerol, 5 g of Polypepton (Daigo, Osaka, Japan), 3 g of malt extract, 3 g of yeast extract (Oriental Yeast, Tokyo, Japan) , and 0.01 g of FeSO4 7H20 per 1 liter of tap water. Then the contents of two test tubes were added to each of the 2-liter flasks containing 400 ml of the basal medium supplemented with 0.4 ml of isovaleronitrile, and then the incubation was carried out at 28°C with reciprocal shaking. After 48 and 72 h, 0.4 and 0.8 ml of isovaleronitrile were added, respectively, and the cultivation was continued until 96 h.
Preparation of resting cells. The above cultures (1.2 liters) were pooled and then were centrifuged at 12,000 x g for 20 min at 4°C. The harvested cells were washed with 0.85% (wt/vol) NaCl and then were centrifuged at 12,000 x g for 20 min at 4°C. The cells were suspended in 120 ml of 10 mM potassium phosphate buffer (pH 7.0) (28.9 mg [dry weight] of cells per ml). This cell suspension was used for the restingcell reaction.
Assaying the production of nicotinic acid. The standard reaction mixture (2 ml) for nicotinic acid production contained 200 mM 3-cyanopyridine, 10 mM potassium phosphate buffer (pH 8.0), and 0.2 ml of the cell suspension (5.78 mg [dry weight] of cells) obtained from 2 ml of the culture broth. The reaction was carried out at 25°C for 20 min with shaking. However, for optimization of the reaction conditions, the pH, temperature, time, and concentrations of added substrate and cells were varied in each experiment, depending upon the reaction condition being examined. The reaction was stopped by adding 0.2 ml of 1 N HCl.
Analytical methods. The amounts of nicotinic acid and 3-cyanopyridine in the reaction mixture were determined by analytical high-performance liquid chromatography (HPLC). HPLC was performed with a Toyosoda CCPM system equipped with an M&S pack C18 column (reversed-phase column, 4.6 by 150 mm; M&S Instruments Inc., Japan) at a flow rate of 1.0 ml/min at 30°C, with the following solvent system: acetonitrile-10 mM potassium phosphate buffer (pH 2.8) (1/4 [vol/vol] ). In some cases, a Hibar LiChrosorb-NH2 column (4 by 250 mm; CIBA-Merck, Federal Republic of Germany) was used to detect the formation of nicotinamide at a flow rate of 1.0 ml/min at 30°C, with the following solvent system: acetonitrile-10 mM potassium phosphate buffer (pH 2.8) (3/1). The A230 was measured. JNN-GX270, Perkin-Elmer 1710-FTIR, and Hitachi M-80, respectively. Elemental analysis was carried out with a Perkin-Elmer 240-B, after the sample was incubated with diazomethane and converted to the methyl ester.
RESULTS
Reaction conditions for the production of nicotinic acid by resting cells. Various reaction conditions for the efficient production of nicotinic acid were studied by using resting cells of R. rhodochrous Jl.
(i) Effect of pH and temperature. The effect of concentrations of hydrogen ions on the production of nicotinic acid by resting cells was studied. The initial pH of the reaction mixture was adjusted to 5 and 6 with 0.1 M CH3COOH-CH3COONa buffer, to 7 and 8 with 0.1 M potassium phosphate buffer, to 9 with 0.1 M Tris hydrochloride buffer, and to 10 with 0.1 M CAPS (cyclohexylaminopropanesulfonic acid)-KOH buffer. The optimum pH was found to be between 8 and 9, with a sharp decrease in activity at low pHs.
Changing the buffer at pH 8.0 to 0.1 M Tris hydrochloride, H3BO3-NaOH, or HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-KOH buffer did not affect the activity.
The effect of temperature on the production of nicotinic acid was investigated. The rate of nicotinic acid production increased in parallel with increasing temperature. The highest production was observed at 45°C, with a sharp decrease in activity between 50 to 60°C.
Studies on the thermal stability showed that the activity was stable up to 35°C, with slight inactivation between 40 to 45°C and nearly total inactivation at 60°C.
(ii) Effect of the 3-cyanopyridine and nicotinic acid concentrations. The concentration of 3-cyanopyridine in the reaction mixture was varied. The reaction was carried out at 25°C for 3 h (Fig. 1) . The rates of nicotinic acid synthesis at 300 and 400 mM were low compared with that at 200 mM 3-cyanopyridine. However, after 3 h of incubation, 400 mM 3-cyanopyridine had been converted completely to nicotinic acid.
The enzymatic conversion of 200 mM 3-cyanopyridine added into nicotinic acid in the presence of 0.6 to 1.4 M nicotinic acid was examined. The rate of nicotinic acid synthesis became lower in parallel when increasing concentrations of nicotinic acid were added. However, in the presence of 1.4 M nicotinic acid, 200 mM 3-cyanopyridine that was added was converted completely into nicotinic acid after 6 h of incubation.
(iii) Accumulation of nicotinic acid. From the above results, the following optimum reaction conditions were investigated for maximum production of nicotinic acid from 3-cyanopyridine by using resting cells of R. rhodochrous Jl. The reaction mixture (50 ml) consisted of 200 mM 3-cyanopyridine, 0.01 M potassium phosphate buffer (pH 8.0), and resting cells (145 mg [dry weight] of cells) harvested from 50 ml of culture broth. The incubation was carried out at 25°C with shaking. During the course of the reaction, 200 mM 3-cyanopyridine was added. In parallel with the increase in nicotinic acid accumulated, the rate of nicotinic acid synthesis became lower. With seven feedings of 200 mM 3-cyanopyridine over a 26-h period, 1.4 M nicotinic acid was produced with a 100% conversion yield (Fig. 2) . The accumulation of nicotinic acid corresponded to 172 g/liter of the reaction mixture. No formation of nicotinamide was detected in the reaction mixture. Needle crystals appeared during the enzymatic synthesis. The crystals were collected by filtration, dissolved in distilled water, and then were subjected to HPLC analysis. The retention time of this sample coincided with that of the authentic nicotinic acid. At feeding 8 of 200 mM 3-cyanopyridine (total, 1.6 M 3-cyanopyridine) to the reaction mixture described above, the conversion rate became very low as a result of product inhibition. However, 100% conversion of the newly added 3-cyanopyridine was observed after a further 48 h of incubation.
Isolation and identification of nicotinic acid. To isolate the nicotinic acid produced, the distilled water was added to the reaction mixture to dissolve the crystals completely, and then the mixture was centrifuged at 12,000 x g for 30 min to remove the cells. The supernatant was applied to a Dowex 1 x 2 column (3 by 30 cm, OH-form). The column was thoroughly washed with distilled water, and then nicotinic acid was eluted with 0.5 N acetic acid. Fractions of 12 ml were collected, and the eluate was assayed for nicotinic acid b The formation of the acids was determined by HPLC using the solvent system of acetonitrile-10 mM potassium phosphate buffer (pH 2.8) at a ratio of 1/4 (vol/vol) for the first two products and 1/1 for the last four products.
c Corresponds to the formation of 2.63 mM nicotinic acid per min.
by HPLC. The fractions containing high amounts of nicotinic acid were pooled and then concentrated at 45°C in vacuo. The solid obtained was dissolved in distilled water with heating and then was kept in an ice bath overnight. Recrystallization was carried out in a similar manner. The crystals formed were separated by filtration and then were dried in a vacuum desiccator over P205. Thus, 75 mmol of crystalline nicotinic acid was obtained. Identification of the product as nicotinic acid was performed through comparison with the infrared, 1H and 13C NMR and mass spectra of authentic nicotinic acid. Analytical data were as follows: melting point, 236°C (sublimated); 1H NMR (dimethyl sulfoxide), 7.6, 8.3, 8.8, 9.2, 12.5 ppm; 13C NMR (dimethyl sulfoxide), 124, 127, 137, 151, 152, 153, 166 .5 ppm; mass spectrum (methyl ester), mlz, 51, 106, 137; elemental analysis, analysis calculated for C6H502N: C, 58.54; H, 4.09; N, 11.38. Found: C, 58.46; H, 4.06; N, 11.35. Substrate specificity of the nitrilase from R. rhodochrous Jl. The substrate specificity of the nitrilase from R. rhodochrous Jl was studied (Table 1) . The high activity towards 3-cyanopyridine makes the cells suitable for the production of nicotinic acid. The nitrilase exhibited a relatively broad substrate specificity with respect to aromatic nitrile compounds. Aliphatic and alkenic nitrile compounds could not serve as substrates for the enzyme (manuscript in preparation). Heterocyclic nitrile compounds, such as pyridine, thiophene, furan, and indole derivatives, were suitable substrates.
DISCUSSION
Nicotinic acid is produced through the hydrolysis of 3-cyanopyridine by refluxing with Ba(OH)2 for 8 to 10 h (German patent 828246). 3-Cyanopyridine is produced from pyridine (patent) or from picoline (1). Picoline can be directly converted to nicotinic acid, with a yield of 57%, by heating to 200°C at 21 atm in the presence of acetic acid and a catalyst. However, this process is uneconomical because of the high cost. Thus, the conversion of 3-cyanopyridine using nitrilase is attractive owing to the mild conditions and high conversion. Under the culture conditions we established recently, R. rhodochrous Jl produces a considerable amount of nitrilase without forming nitrile hydratase (Arch. Microbiol., in press). This high productivity prompted us to apply the enzyme for nitrile hydrolysis. In this study we obtained 172 mg of nicotinic acid per 1.0 ml of reaction mixture in 26 h at 25C using resting cells of R. rhodochrous Jl without the formation of nicotinamide. This process is promising for the industrial production of nicotinic acid as a result of the following features. Total conversion (100%) of 3-cyanopyridine can be accomplished under mild conditions. The R. rhodochrous Jl cells can be easily cultivated. The resting cells are stable at -20°C for more than 6 months, and the nitrilase activity is relatively heat stable. The nitrilase exhibited a relatively broad substrate specificity (manuscript in preparation). The nitrilase may be very promising for the nitrile hydrolysis of various labile nitrile compounds. We have already demonstrated the region-specific hydrolysis of dinitrile groups of dinitrile compounds by this nitrilase (Appl. Microbiol. Biotechnol., in press). 
